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This study functionally characterizes the Arabidopsis (Arabidopsis thaliana) plastidial glycolytic isoforms of glyceraldehyde-3-phosphate dehydrogenase (GAPCp) in photosynthetic and heterotrophic cells. We expressed the enzyme in gapcp double mutants (gapcp1gapcp2) under the control of photosynthetic (Rubisco small subunit RBCS2B [RBCS]) or heterotrophic (phosphate transporter PHT1.2 [PHT]) cell-specific promoters. Expression of GAPCp1 under the control of RBCS in gapcp1gapcp2 had no significant effect on the metabolite profile or growth in the aerial part (AP). GAPCp1 expression under the control of the PHT promoter clearly affected Arabidopsis development by increasing the number of lateral roots and having a major effect on AP growth and metabolite profile. Our results indicate that GAPCp1 is not functionally important in photosynthetic cells but plays a fundamental role in roots and in heterotrophic cells of the AP. Specifically, GAPCp activity may be required in root meristems and the root cap for normal primary root growth. Transcriptomic and metabolomic analyses indicate that the lack of GAPCp activity affects nitrogen and carbon metabolism as well as mineral nutrition and that glycerate and glutamine are the main metabolites responding to GAPCp activity. Thus, GAPCp could be an important metabolic connector of glycolysis with other pathways, such as the phosphorylated pathway of serine biosynthesis, the ammonium assimilation pathway, or the metabolism of g-aminobutyrate, which in turn affect plant development.
Glycolysis is an essential primary metabolic pathway in most living organisms whose main function is to oxidize hexoses to provide ATP, reducing power and pyruvate, and to produce precursors for anabolism (Plaxton, 1996) . In plants, glycolysis is particularly important because it is considered the predominant pathway that fuels the tricarboxylic acid cycle in mitochondria and is an important source of precursors for secondary metabolism, amino acids, and fatty acid biosynthesis (Plaxton, 1996) . Plant glycolysis possesses some differences with respect to other organisms, which complicates its understanding (Plaxton, 1996) . There are two glycolytic pathways operating in parallel in the cytosol and plastids, and both interact through highly selective transporters present in the inner plastid membrane (Weber et al., 2005) , which may suggest that glycolytic intermediates are fully equilibrated in both compartments. However, the characterization of plastidial glycolytic mutants suggests that this may not always be the case, at least for some glycolytic intermediates in certain cellular types (Muñoz-Bertomeu et al., 2009 . Furthermore, plants possess autotrophic photosynthetic cells and heterotrophic nonphotosynthetic cells, where the functions of the glycolytic pathway could be completely different. Besides, some of the glycolytic reactions in the chloroplast are identical to those in the Calvin-Benson cycle but operate in the opposite direction. For this reason, the functional significance of plastidial glycolysis has been questioned and still remains controversial, especially in photosynthetic cells, where chloroplasts may lack one or several glycolytic enzymes (e.g. enolase and phosphoglycerate mutase; Van der Straeten et al., 1991; Andriotis et al., 2010; Prabhakar et al., 2010) . For instance, plastidial glycolytic enolase has been demonstrated to have poor or no expression in chloroplasts, and mutant plants do not display drastic visible phenotypes (Prabhakar et al., 2010) . Since the double mutant of enolase and the phosphoenolpyruvate (PEP) transporter show a lethal phenotype and the PEP transporter single mutant phenotype is not lethal, it can be assumed that the plastidial enolase is functional in some cell types. However, Andriotis et al. (2010) concluded that, although plastids in developing Arabidopsis (Arabidopsis thaliana) embryos have an active lower part of the glycolytic pathway, the cytosolic glycolytic pathway suffices to support the flux from 3-phosphoglycerate (3-PGA) to PEP required for oil production. Other plastidial glycolytic enzymes of the upper and lower parts of the pathways have also been characterized. For instance, it has been demonstrated that pyruvate kinases, in the lower part of the glycolytic pathway, play an important role in seed oil biosynthesis Baud et al., 2007) , while triose-phosphate isomerase, in the middle part, is essential for the postembryonic transition from heterotrophic to autotrophic growth (Chen and Thelen, 2010) . All these results highlight the specific functions of plastidial glycolytic enzymes in plants. However, our understanding of the general relevance of plastidial and cytosolic glycolysis in the plant is far from complete. Thus, it is a challenge to elucidate which enzyme isoforms are functionally important, in which cells there is a complete plastidial pathway, whether there is equilibrium of metabolic intermediates between the cytosol and the plastids, and in particular the exact role, regulation, and relative importance of different glycolytic isoforms in specific cell types and under different environmental conditions. According to Arabidopsis genome databases (https://www.arabidopsis.org/), the number of annotated genes coding for different glycolytic enzyme isoforms varies greatly. Some enzymes are coded by few genes, such as triose-phosphate isomerase, which is represented by only two annotations in the databases, while others, such as phosphoglycerate mutase, is represented by more than 40 annotations. The Arabidopsis Information Resource database describes seven genes encoding phosphorylating glyceraldehyde 3-phosphate dehydrogenase (GAPDH), four of which participate in glycolysis and three in the Calvin-Benson cycle. Two of the glycolytic isoforms (GAPC1 and GAPC2) are cytosol localized and two (GAPCp1 and GAPCp2) are localized in the plastid (Muñoz-Bertomeu et al., 2009) . This may indicate the complexity of the GAPDH reaction in terms of the integration and regulation of enzyme activity. By following an antisense approach in potato (Solanum tuberosum), it was concluded that decreased GAPC activities exhibited no major changes in either whole-plant or tuber morphology and that the enzyme plays only a minor role in the regulation of metabolism (Hajirezaei et al., 2006) . By contrast, an Arabidopsis mutant in the GAPC1 isoform displayed delayed growth and several morphological alterations in siliques and seeds (Rius et al., 2008) . The Arabidopsis double knockout gapc mutants, however, did not display any visible phenotype under normal growth conditions, but lack of enzyme activity decreased the oil content in developing seeds (Guo et al., 2012) . Additional nonglycolytic functions for cytosolic GAPDHs have also been attributed in both plants and mammals (Kim and Dang, 2005; Zaffagnini et al., 2013) . In Arabidopsis, GAPCs have been documented to be involved in the response to stress, for instance, participating in hydrogen peroxide signal transduction, in the response to cadmium toxicity, or in the immunity response (Guo et al., 2012; Vescovi et al., 2013; Han et al., 2015) .
The plastidial GAPCps have been demonstrated to be critical for primary root growth and essential for microspore development (Muñoz-Bertomeu et al., 2009 . It was hypothesized that the main function of GAPCps in roots is to supply 3-PGA to the phosphorylated pathway of serine biosynthesis (PPSB; Muñoz-Bertomeu et al., 2009 ). This hypothesis was later confirmed by the characterization of the PPSB (Cascales-Miñana et al., 2013) . Double GAPCp1 and GAPCp2 mutants (gapcp1gapcp2) also display a drastic reduced growth of the aerial part (AP; Muñoz-Bertomeu et al., 2009 ), suggesting a role of the enzyme in this organ. Petersen et al. (2003) suggested that GAPCp is absent in the chloroplasts of angiosperms. However, Backhausen et al. (1998) postulated that GAPCp is essential for starch metabolism during the dark period in green and nongreen plastids. In this scenario, it would be involved along with phosphoglycerate kinase in the ATP production needed for starch metabolism (Backhausen et al., 1998) .
In this work, we deepen the functional characterization of GAPCps in photosynthetic and heterotrophic organs by performing metabolomic and transcriptomic studies in gapcp mutants and in mutant lines in which the enzyme is specifically expressed in heterotrophic or in photosynthetic cells. We provide new insights concerning how GAPCp activity affects other metabolic pathways. We also identify genomic and metabolic targets responding to GAPCp activity in both roots and the AP. We conclude that GAPCp is an important link that connects metabolism with mineral nutrition and development in plants. The phenotypic analysis of gapcp1gapcp2 indicated that they display a drastic reduction not only of root growth but also of the AP when grown both on plates and in greenhouse conditions (Supplemental Fig. S1; Muñoz-Bertomeu et al., 2009 ). This phenotype is observed in double homozygous mutants only. Single mutants (gapcp1 or gapcp2) or mutant plants homozygous for one of the genes and heterozygous for the other are phenotypically indistinguishable from the wildtype plants (Supplemental Fig. S1 ), which demonstrates that GAPCp1 and GAPCp2 are redundant to one another. All the phenotypes of gapcp1gapcp2 could also be complemented with constructs that carry the GAPCp1 genomic sequence or the complementary DNA (cDNA) under the control of its native promoter (Muñoz-Bertomeu et al., 2009 , which corroborates that GAPCp1 can compensate the lack of GAPCp2. The metabolite profile of the gapcp1gapcp2 AP indicated that 67% of analyzed metabolites were significantly altered and 45% were changed by more than 40% as compared with the wild type ( Supplemental Table S1 ). These results point to the importance of GAPCp for metabolism in the AP. In this sense, mRNA for both GAPCp1 and GAPCp2 was clearly found in leaves, shoots, and reproductive organs (Muñoz-Bertomeu et al., 2009) . Western blot using antibodies raised against an epitope of GAPCp isoforms further confirmed that the enzyme is present in the AP, although in lower amount than in roots (Supplemental Fig. S1 ).
RESULTS

Specific Expression of
In order to dissect the function of GAPCp in the AP, we expressed GAPCp1-GFP in gapcp1gapcp2 under the control of the Rubisco small subunit RBCS2B promoter (RBCS:GAPCp1). According to the Bio-Analytic Resource for Plant Biology database (http://bar.utoronto. ca/), RBCS2B is mostly expressed in photosynthetic tissues in both dark and light conditions. It is also expressed in the shoot apex, shoots, seeds, and flowers but poorly expressed or nonexpressed in roots. GAPCp1 expression in the AP of different gapcp1gapcp2 RBCS:GAPCp1 lines was confirmed by quantitative real-time (qRT)-PCR, western blot using anti-GFP antibodies, and confocal microscopy, and those lines with the lowest expression in roots (RBCS:G1.1, RBCS:G1.3, and RBCS:G1.4) were further characterized (Fig. 1, A and B; Supplemental Fig. S2) . At the adult stage, GAPCp1 expression in the AP was able to complement the sterile phenotype of gapcp1gapcp2, resulting in plants with siliques and fertile seeds (Fig. 1C ). The developmental pattern of gapcp1gapcp2 RBCS:GAPCp1 was also altered as compared with gapcp1gapcp2, probably as a consequence of the fertile phenotype, displaying shorter shoots than gapcp1gapcp2 (Fig. 1 , C and D). A similar developmental pattern alteration was observed in the sterile gapcp1gapcp2 35S:GAPCp1 lines (Muñoz-Bertomeu et al., 2010) as compared with the wild type ( Fig. 1, C and D) . These results corroborate that GAPCp1 expression in reproductive organs is necessary for Arabidopsis fertility and confirm that GAPCp1 is active in gapcp1gapcp2 RBCS:GAPCp1 lines.
The presence of GAPCp1 in the photosynthetic cells did not recover the growth retardation of the rosette leaves and roots when plants were cultured in pots or on plates ( Fig. 1 , E-G). Similarly, the metabolite profile of the AP at the end of the light period in gapcp1gapcp2 RBCS:GAPCp1 lines overlapped that of gapcp1gapcp2 according to principal component analysis (PCA; Fig.  2A ; Supplemental Table S1 ). Other metabolites measured in gapcp1gapcp2 RBCS:GAPCp1 lines, such as starch, total soluble sugars, and proteins, were also not significantly different from gapcp1gapcp2 (Fig. 1, H and I) . In order to investigate whether GAPCp1 expression performed a function in photosynthetic cells under growth conditions where glycolysis is more important, for instance at night or when photosynthetic activity is inhibited, we analyzed the metabolite profile under dark conditions and in the presence of high concentrations of Suc, which inhibits photosynthesis (Fig. 2 , B and C; Supplemental Table S2 ). Similar to samples obtained at the end of the light period, gapcp1gapcp2 RBCS:GAPCp1 lines displayed a metabolite profile that overlapped with gapcp1gapcp2 in both darkness and under growth medium containing Suc (Fig. 2 , B and C; Supplemental Table S2 ). Lack of metabolic and growth complementation in the rosette of gapcp1gapcp2 RBCS: GAPCp1 lines suggested that GAPCp1 expression in photosynthetic cells is not functionally important in spite of the drastic phenotypes observed in this organ in gapcp1gapcp2.
According to Tukey's posthoc test of the ANOVA of the first principal component, the metabolite profile of the AP of gapcp1gapcp2 lines expressing GAPCp1-GFP under the control of 35S (35S:GAPCp1) is similar to that of the wild type but differs from that of gapcp1gapcp2 and gapcp1gapcp2 RBCS:GAPCp1 ( Fig. 2A ; Supplemental  Table S1 ). In gapcp1gapcp2 35S:GAPCp1 lines, 14 of the 28 metabolites altered in gapcp1gapcp2 recovered the wild-type levels and seven changed in the opposite direction to that in gapcp1gapcp2, which is suggestive of an overexpression effect. Since 35S:GAPCp1 is expressed in both photosynthetic and nonphotosynthetic cells ( Fig. 1B ), we postulated that lack of GAPCp activity in the latter cells could affect metabolism in the AP. According to the microarray databases and the literature, the phosphate transporter PHT1.2 (PHT) promoter directs gene expression in root hair, epidermal, and cortex cells, with weak expression in rosette leaves (Mudge et al., 2002; Nussaume et al., 2011; Kirchsteiger et al., 2012; http://www.bar.utoronto.ca/efp/cgi-bin/ efpWeb.cgi) . For this reason, we next expressed GAPCp1-GFP under the control of the PHT1.2 promoter (PHT:GAPCp1). Several lines with different GAPCp1 mRNA expression levels in roots and the AP were obtained (Fig. 3A) . Two of these lines (PHT:G1.2 and PHT:G1.5) displaying high GAPCp1 expression in roots and low expression in the AP were selected for further characterization. Western blots using anti-GFP antibodies confirmed that GAPCp1 was mainly expressed in roots, although it could also be detected in the AP (Fig. 3B ). In any case, the GAPCp content in the AP was much lower than in the selected gapcp1gapcp2 RBCS:GAPCp1 lines (Fig. 3B ). The PHT:GAPCp1 construct complemented the delayed AP growth of gapcp1gapcp2 ( Fig. 3C ). Analysis of GAPCp1 expression under the control of the PHT promoter indicated that the enzyme was located in leaf epidermal cell plastids ( Fig. 4A ), suggesting that it is necessary in these cell types. The expression analysis of the native GAPCp1 promoter in GUS and GFP fusions corroborated that, in addition to its expression in vascular cells, the GAPCp1 promoter directs gene expression in leaf epidermal cells (Fig. 4, B and C). The PHT:GAPCp1 construct increased the root weight ( Fig. 3C ) by an increase of lateral root formation ( Fig. 3E ) but did not recover the growth of primary roots (Fig. 3D ). This may be related to the lack of expression of PHT:GAPCp1 in specific cell types of the root tip (Mudge et al., 2002) . Analysis of the native GAPCp1 promoter in roots indicated that it was expressed in root vascular cells (Muñoz-Bertomeu et al., 2009) , in epidermal cells, in the proximal part of meristems, in the columella, and in the lateral root cap cells (Fig. 4 , B and C). PHT:GAPCp1 started to be expressed in the root epidermis at about 1.5 to 2 mm from the apex, having maximal expression at about 3 to 4 mm, but was not expressed in the meristem or the root cap ( Fig. 4A ). These results may suggest that GAPCp activity in root meristems is necessary for proper primary root growth.
The analysis of gapcp1gapcp2 PHT:GAPCp1 lines confirmed that their metabolite profile in the AP is different from gapcp1gapcp2 and similar to that of the wild type, according to Tukey's posthoc test of the ANOVA of the first principal component ( Fig. 2E ; Supplemental Table S3 ). Thus, in the gapcp1gapcp2 PHT: GAPCp1 AP, 62% of metabolites (24 out of 39) were significantly changed as compared with gapcp1gapcp2, and most of them (14 out of 24) reached wild-type levels ( Supplemental Table S3 ). In quantitative terms, the most important changes in gapcp1gapcp2 PHT:GAPCp1 metabolites in relation to gapcp1gapcp2 were the reductions in the levels of some amino acids (Asn and Gln) and sugars (Fru, maltose, Glc, and trehalose; Supplemental Table S3 ). In roots, the metabolite profile of gapcp1gapcp2 PHT: GAPCp1 was different from that of the wild type but also from that of gapcp1gapcp2 and gapcp1gapcp2 RBCS: GAPCp1, according to Tukey's posthoc test of the ANOVA of the first principal component (Fig. 2F ). The relative levels of 68% of metabolites analyzed in these lines (25 out of 37 metabolites) were significantly different from those of gapcp1gapcp2 mutants, but only six of them reached wild-type levels (Supplemental Table  S3 ). The intermediate metabolite profile of gapcp1-gapcp2 PHT:GAPCp1 between the wild type and gapcp1gapcp2 indicates a partial complementation of the gapcp1gapcp2 phenotype and may reflect the lack of recovery of primary root growth ( Fig. 3D ). We previously proposed that one of the main functions of GAPCp in roots is to supply the 3-PGA precursor of Ser through the so-called PPSB (Muñoz-Bertomeu et al., 2009; Cascales-Miñana et al., 2013) . The primary root growth of the gapcp1gapcp2 mutant was 21% of that of the wild type in the absence of Ser and 81% of that of the wild type in its presence in the growth medium ( Fig.  3G ). In addition, growth of the AP was completely reestablished in the presence of Ser (Fig. 3F ). The root growth of gapcp1gapcp2 RBCS:GAPCp1 lines was similar to that of gapcp1gapcp2 in the presence of Ser, and that of gapcp1gapcp2 PHT:GAPCp1 roots was still significantly lower than that of the wild type ( Fig. 3 , F and G). As shown by PCA, the metabolite profile of the AP of Ser-grown gapcp1gapcp2 plants overlaps that of the wild type ( Fig. 2D ). However, Tukey's posthoc test of the ANOVA of the first principal component indicates that gapcp1gapcp2 grown in the presence of Ser can be grouped within both subsets, that of the wild type and that of gapcp1gapcp2 grown in the absence of Ser. These results indicate that, although Ser restores part of the gapcp1gapcp2 metabolite values that come close to those found in the wild type, some metabolite changes still occur compared with the controls ( Supplemental  Table S2 ). This suggests that GAPCp may have other functions in addition to providing substrates for Ser biosynthesis via the PPSB in specific cell types.
Metabolic and Transcriptomic Pathways Affected by GAPCp
To assess the metabolic pathways affected by GAPCp activity in the AP and in roots, we followed a metabolomic and transcriptomic approach. Lack of GAPCp expression clearly affected amino acid metabolism, as shown previously (Muñoz-Bertomeu et al., 2009 ), but also the carbon metabolism of sugars and organic acids (Tables I and  II; Supplemental Tables S1-S3 ). Since metabolism is a dynamic process, we reasoned that a search for those metabolites that systematically changed under all different assayed conditions (end of the night, middle of the light period, end of the light period, and in the presence of Suc) may help narrow the identification of important pathways affected by GAPCp activity. We concentrated only on those metabolites that changed in gapcp1gapcp2 independently of the growth conditions (Table I; Supplemental Tables S1-S4 ). In the AP, two amino acids related to Glu metabolism were increased, g-aminobutyrate (GABA) and Gln. There was also an increase in many sugars and their derivatives (Fru, myoinositol, Fuc, galactinol, Glc, trehalose, and Xyl) in gapcp1gapcp2 as compared with the wild type. However, the sugar phosphates Glc-6-P and Fru-6-P decreased in gapcp1gapcp2 in all the experiments in which they could be quantified as compared with controls. Two organic acids of the tricarboxylic acid cycle, citrate and succinate, also systematically increased in the AP of gapcp1-gapcp2, which suggests that the respiratory pathway is affected by the lack of GAPCp activity. Glycerate, a metabolite that can be synthesized from 3-PGA through the reaction catalyzed by 3-PGA phosphatase or, alternatively, used to synthesize 3-PGA through the reaction catalyzed by glycerate kinase, was also increased in gapcp1gapcp2 when compared with the controls. In all instances, phosphoric acid was drastically reduced in gapcp1gapcp2 (more than 90% under some conditions; Table I ; Supplemental Tables S1-S3 ).
The 15 metabolites that systematically changed in the AP of gapcp1gapcp2 all changed in the same direction in the gapcp1gapcp2 RBCS:GAPCp1 lines (Table I) . However, most of these changes were reverted in 35S: GAPCp1, and some were reverted in gapcp1gapcp2 PHT: GAPCp1 or gapcp1gapcp2 grown in the presence of Ser. These results corroborate the lack of gapcp1gapcp2 complementation when the enzyme is expressed in photosynthetic cells. In roots, only two different experiments were studied in either gapcp1gapcp2 mutants or conditional gapcp1-gapcp2 mutants ( Supplemental Tables S3 and S4 ). In order to filter the results, we chose the metabolites that changed in both conditions and displayed more than a 1.5-fold change in at least one experiment (Table II) . In general, amino acids tended to increase in gapcp1-gapcp2, but only Ala, Gln, Asn, and GABA fulfilled the chosen criterion. Regarding sugars, Fru, myoinositol, galactinol, raffinose, and trehalose increased more than 2-fold, while threitol decreased more than 50%, as compared with the controls. Glycerate increased more than 3-fold in gapcp1gapcp2. As in the AP, phosphoric acid was also depleted in roots of gapcp1gapcp2. In this case, the reduction was only about 40% ( Supplemental  Tables S3 and S4) . Changes in all these metabolites were maintained in gapcp1gapcp2 RBCS:GAPCp1 lines as compared with the wild type (Table II) . However, the levels of some of them (nine out of 12) were partly reverted in gapcp1gapcp2 PHT:GAPCp1 and differed significantly from those in gapcp1gapcp2, which confirms the idea that GAPCp expression under the control of the PHT promoter partly complements gapcp1gapcp2 (Table II) . Seven out of 12 metabolites whose levels changed in gapcp1gapcp2 roots (Fru, galactinol, glycerate, Gln, GABA, myoinositol, and trehalose) were also modified in the AP (Tables I and II) , which suggest an effect of the PHT:GAPCp1 construct in this organ.
A transcriptomic approach in the APs and roots showed that several functional categories of genes were up-or down-regulated in gapcp1gapcp2 as compared with the wild type (Table III; Supplemental Table S5 ; Supplemental Materials S1). Changes in gene expression were also confirmed by qRT-PCR (Supplemental Fig. S3 ). According to the Munich Information Center for Protein Sequences Funcat Functional Annotation program (http://mips.gsf.de/proj/funcatDB; P , 0.005), only genes related to phosphate transport were significantly induced in the gapcp1gapcp2 AP compared with the wild type (Table III) . Specifically, two genes coding for phosphate transporters were up-regulated in the AP of gapcp1gapcp2 (At2g38940 [PHT1.4] and At5g43370 [PHT1.2]; Supplemental Table S5 ). In order to further specify important genes that might be affected by the lack of GAPCp activity, we compared misregulated genes in all microarrays obtained in this study and also with a previous microarray obtained by our group in which whole seedlings were analyzed (Muñoz-Bertomeu et al., 2009) . We found that only two genes displayed common changes in all microarrays (wild-type versus gapcp1-gapcp2 whole seedling, wild-type versus gapcp1gapcp2 AP, wild-type versus gapcp1gapcp2 roots, and gapcp1-gapcp2 versus gapcp1gapcp2 HS:GAPCp1 induced in APs and roots; see below), At5g06300 (LONELY GUY7 [LOG7]) and At1g73010 (PYROPHOSPHATE-SPECIFIC PHOSPHATASE1 [PPsPase1]; Supplemental Table S5 ). Both genes were up-regulated in gapcp1gapcp2 in all microarrays studied, and their induction was confirmed by qRT-PCR (Supplemental Fig. S3 ). Since PPsPase1 is postulated to play an important role in the inorganic phosphate (Pi) starvation response (May et al., 2011) and the metabolomic analysis of the AP of gapcp1gapcp2 indicated a drastic reduction in the phosphoric acid level in the mutant, we searched in its transcriptome for additional misregulated genes involved in phosphate metabolism and homeostasis (Supplemental Table S5 ). In microarrays of gapcp1gapcp2 AP, we found four upregulated genes (At1g23140, At3g17790 [PURPLE ACID PHOSPHATASE17; PAP17], At5g20150, and At2g38940 [PHT1.4]) whose expression is also up-regulated in the shoots of the Ca 2+ /H + transporter cax1/cax3 mutants. The activity of this transporter is required for systemic phosphate homeostasis involving shoot-to-root signaling in Arabidopsis (Liu et al., 2011) . Two additional genes, encoding a purple acid phosphatase (PAP8; At2g01890) and a phosphate transporter (PHT1.2; At5g43370), were also induced in the gapcp1gapcp2 AP. Finally, from 16 common misregulated genes in the APs and roots of gapcp1gapcp2, three were related to phosphate homeostasis. Apart from the previously mentioned PPsPase1 (At1g73010), a second gene (At5g03545), known to be expressed in response to phosphate starvation, was induced in gapcp1gapcp2 as compared with the controls. The third gene, At2g33770, encodes a ubiquitinconjugating E2 enzyme, PHOSPHATE2, which was the only phosphorus-related gene repressed in both roots and AP of gapcp1gapcp2.
Since metabolomic and transcriptomic analyses indicated an alteration of Pi homeostasis, we measured the mineral content of gapcp1gapcp2. Several minerals were reduced in the gapcp1gapcp2 AP, but the main nutrient deficiency observed was Pi ( Supplemental Table S6 ). In gapcp1gapcp2 roots, although some nutrients were reduced (potassium, copper, and iron), no Pi deficiency was observed, and some nutrients (nitrogen, manganese, and zinc) were even increased ( Supplemental  Table S6 ). In order to investigate whether mineral deficiency could affect gapcp1gapcp2 development, we assayed the mutant growth in medium with increased mineral supply (Fig. 5) . As compared with a one-fifthstrength Murashige and Skoog (MS) medium, growth in a one-half-strength MS medium only improved the AP growth in the gapcp1gapcp2 PHT:GAPCp1 line, having no significant effect in the other lines and even decreasing root growth in the PHT:GAPCp1 line. These results indicated that nutrient deficiency is not the main cause of the growth defects in gapcp1gapcp2.
Metabolite and Transcripts Responding to GAPCp Activity
In order to identify targets responding to GAPCp activity, we performed a metabolomic and transcriptomic study of conditional gapcp1gapcp2 mutants. For this purpose, we used gapcp1gapcp2 transformed with a GAPCp1-GFP cDNA under the control of the heat-shock promoter HSP18.2 (HS:GAPCp1). Seven conditional lines were obtained, and two or three of them (depending on the experiment) were selected for further characterization, taking into account their basal GAPCp1 level, their induction level, and their complementation of the gapcp1gapcp2 root growth and sterile phenotype (Fig. 6; Supplemental Fig. S4 ). First, we performed a time-course experiment to decide the best time to perform the analyses. All selected gapcp1gapcp2 HS:GAPCp1 lines displayed a peak of GAPCp1 mRNA 1 h after induction (Fig. 6A) . The GAPCp1 protein peak was reached 4 h after induction and was still present 8 h after induction ( Fig. 6B; Supplemental Fig. S4 ). We assumed that translation is mostly resumed in Arabidopsis 1 h after a heat-shock treatment at 37°C (M. Castellanos, personal communication). Since GAPCp1 had to be translated and to participate in glycolysis before having an effect on transcription, we chose 4 h after induction for the realization of transcriptomic experiments and 8 h after induction for the metabolomic experiments. In order to discard any effect of heat shock on the metabolite profile of conditional mutants, we additionally studied the metabolite profile of gapcp1-gapcp2 8 h after a heat-shock treatment. Only one metabolite (Tyr) out of 42 measured changed in the AP, and four (Pro, Glc-6-P, Fru-6-P, and trehalose) out of 37 changed in the roots, of heat shock-treated gapcp1gapcp2 as compared with untreated plants ( Supplemental Table  S7 ). Changes in these metabolites were not interpreted as such if the observed changes in the conditional mutants were in the same direction after induction.
The metabolomics analysis indicated that 54% (21 out of 39) and 22% (eight out of 37) of measured metabolites recovered wild-type levels in the APs and roots of induced gapcp1gapcp2 HS:GAPCp1, respectively (Supplemental Table S4 ). In general, lower amino acid and sugar levels were observed in these lines, which indicates the crucial role of GAPCp activity in nitrogen and carbon metabolism. Tables IV and V list the metabolites whose levels changed by more than 20% following GAPCp1 induction in APs and roots, respectively. Three of them, Gln, glycerate, and galactinol, are particularly interesting because they were the only ones altered in all experimental conditions assayed in both roots and AP of gapcp1gapcp2 and those that displayed the most important changes after GAPCp1 induction. In the AP, Gln was the metabolite whose levels changed the most after GAPCp1 induction (31% reduction). Galactinol and glycerate were reduced by 24% and 22%, respectively. In roots, the levels of these three metabolites lowered even more drastically than in the AP after GAPCp1 induction, with glycerate reduced the most of all metabolites measured (68% reduction), followed by Gln (45%) and galactinol (33%). To provide additional insights that could explain changes in glycerate levels, we next measured the activity of phosphoglycerate kinase in roots and in the AP. The enzyme activity was higher in the AP of gapcp1gapcp2 than in the wild type (264 6 6 versus 246 6 2 nmol NADH g 21 fresh weight min 21 in gapcp1-gapcp2 and the wild type, respectively) and especially in roots (60 6 2 versus 34 6 2 nmol NADH g 21 fresh weight min 21 in gapcp1gapcp2 and the wild type, respectively), where the highest levels of glycerate in the mutant were found.
The high levels of Gln in gapcp1gapcp2 could be related to the arrest in PPSB activity, which has been shown to affect the ammonium assimilation pathway (Benstein et al., 2013) . According to this, the ammonium content in gapcp1gapcp2 roots was significantly higher than in the wild type ( Fig. 7) , which could contribute to growth impairment in the mutant. Ammonium toxicity is currently associated with acidification of the medium (Li et al., 2014) . To study such acidification, we used the visual assay for H + efflux from root cells based on plates containing the pH indicator Bromocresol Purple. As indicated in Figure 7 , the yellow color surrounding the roots of gapcp1gapcp2 roots, indicative of moderate acidification, was much greater than in the wild type.
The transcriptomic study revealed that, in the AP, several functional categories of genes were significantly up-or down-regulated following the induction of GAPCp1 ( Supplemental Table S8 ). In order to narrow the identification of putative targets responding to GAPCp1 activity, we searched for those genes that were altered in gapcp1gapcp2 as compared with the wild type and whose expression was reverted by the induction of GAPCp1 activity in the mutant. We considered that these genes could be mediating the response to altered GAPCp1 activity. Twenty-four genes in the AP and three genes in roots whose expression was misregulated in gapcp1gapcp2 were then reverted after the induction of GAPCp1 (Table VI) . Hormone (At5g06300, At1g67100, At1g80340, At3g23150, and At4g37150) and sugar signaling (At3g30720), cell cycle regulation (At2g29680), and metabolism (At5g17330, At5g52570, and At5g67520) associated genes fitted these criteria (Table VI) . Two of them are particularly interesting (At5g06300 [LOG7] and At5g17330, which encodes one of two isoforms of Glu decarboxylase [GAD]) as development and metabolic mediators of the response to altered GAPCp1 activity. LOG7, one of the two common misregulated genes in all gapcp1gapcp2 microarrays, was up-regulated in gapcp1gapcp2 APs and roots and down-regulated in both organs upon GAPCp1 induction. LOG7, which encodes an enzyme participating in cytokinin biosynthesis, has been implicated in the maintenance of the shoot apical meristem and plays a role in normal primary root growth (Tokunaga et al., 2012) . Similarly, GAD was upregulated in the gapcp1gapcp2 AP and down-regulated after GAPCp1 activity induction. This enzyme, which plays an important role in balancing carbon and nitrogen metabolism, catalyzes the irreversible decarboxylation of Glu to form GABA (Fait et al., 2011) .
DISCUSSION
GAPCp Activity in Nonphotosynthetic Cells Restores the Metabolite Profile and Growth of the AP
Knowledge concerning the specific roles of glycolysis in photosynthetic and heterotrophic cells is scarce. Given that gapcp1gapcp2 displays a drastic growth reduction of the AP, we explored the specific effect of GAPCp in photosynthetic cells by expressing the enzyme under the control of the RBCS promoter. Morphological and metabolomic analysis indicated that RBCS:GAPCp1 expression did not complement the reduced growth phenotype either in roots or in the AP. The metabolite profile of the AP in gapcp1gapcp2 and gapcp1gapcp2 RBCS:GAPCp1 was similar under both photosynthetic and nonphotosynthetic conditions. These results indicate that plastidial glycolysis, or at least GAPCp activity, is not functionally important in photosynthetic cells. GAPCp1 expression under the control of the 35S promoter, however, restored both the growth phenotype and the metabolite profile of gapcp1gapcp2, suggesting that metabolic alterations in the AP could be caused by a lack of GAPCp activity in roots or in other AP cell types. In this sense, GAPCp1 expression under the control of the PHT promoter improved the growth of the AP in gapcp1gapcp2 and modified its metabolite profile. We found that PHT1.2 was not only expressed in roots, as described elsewhere (Mudge et al., 2002; Nussaume et al., 2011; Kirchsteiger et al., 2012) , but also in the leaf epidermal cells of gapcp1gapcp2. PHT:GAPCp1 expression in the AP may be related to the Pi-deficient phenotype of gapcp1-gapcp2, as this promoter is induced by Pi starvation in wild-type roots (Mudge et al., 2002) , although not in the AP, as was observed in gapcp1gapcp2. Given that GAPCp1 expression in photosynthetic cells did not complement gapcp1gapcp2 AP phenotypes, we postulate that improved AP metabolism and development by PHT:GAPCp1 expression could be the result of GAPCp expression in AP heterotrophic cells, such as epidermal or vascular cells, where GAPCp is currently expressed under the control of its native promoter. This would explain why most metabolites whose levels changed in gapcp1gapcp2 roots were also modified in the AP, why some of the metabolites that directly respond to GAPCp activity, such as Gln and glycerate, increased in both gapcp1gapcp2 APs and roots, and why these metabolites reached wild-type levels in the gapcp1gapcp2 PHT: GAPCp1 AP. However, an indirect effect of GAPCp1 expression in roots on AP metabolism cannot completely be ruled out.
The partial complementation of gapcp1gapcp2 when expressing PHT:GAPCp1 may be due to the enzyme not being present in specific root cell types. Confocal microscopy indicated that GAPCp1 expression under the control of the PHT promoter was observed in root differentiated cells but not in meristematic and root cap cells, where GAPCp (this work) and PPSB genes are normally expressed (Cascales-Miñana et al., 2013; Toujani et al., 2013) . It has been postulated that PPSB is an important source of Ser in specific cell types, such as the anther tapetum and meristematic cells (Ros et al., 2014) . Lack of expression of PHT:GAPCp1 in gapcp1-gapcp2 root meristematic cells and root cap cells would prevent the supply of Ser to these cells and thus prevent the recovery of primary root growth. This idea is supported by the recovery of gapcp1gapcp2 primary root growth by Ser supplementation. Regarding this observation, it would be interesting to know why the AP growth is reduced in gapcp1gapcp2, since this organ is not Ser deficient (Muñoz-Bertomeu et al., 2009; this work) . It could be that the AP growth inhibition is due to mineral deficiency, and specifically Pi deficiency, as a consequence of root growth inhibition in the mutant. Organic and mineral Pi deficiency was measured in the AP of gapcp1gapcp2. However, an increased supply of mineral nutrients did not significantly increase the AP growth or the primary root growth of gapcp1gapcp2 or gapcp1gapcp2 RBCS:GAPCp1 lines. Besides, GAPCp1 expression in roots directed by the PHT promoter did not increase organic or mineral Pi content but significantly improved AP growth. Thus, Pi deficiency is probably not the primary cause of AP growth inhibition in gapcp1gapcp2. However, it remains possible that this deficiency could potentiate the phenotypic alterations observed in the mutant.
Lack of GAPCp Activity Affects Nitrogen and Carbon Metabolism and Mineral Nutrition
Several genes coding for proteins involved in Pi transport and signaling were up-regulated in the AP of gapcp1gapcp2. This observation is in accordance with the Pi deficiencies observed in the gapcp1gapcp2 AP, which could limit its growth. PPsPase1 deserves a special mention, since it was commonly induced in all the gapcp1gapcp2 microarrays. PPsPase1 encodes a pyrophosphate-specific phosphatase (PPsPase1) that has been suggested to play a role in the Pi starvation response by providing Pi from phosphorylated substrates (May et al., 2011) . However, the expression pattern of eight out of nine misregulated Pi-related genes in gapcp1gapcp2, including PPsPase1, was not modified by GAPCp1 activation, which indicates that they are not genes primarily responding to GAPCp1 induction. This would corroborate that Pi deficiency is Table VI . List of genes in APs and roots whose expression was misregulated in gapcp1gapcp2 (g1g2) as compared with the wild-type plants and then reverted after GAPCp1 induction in g1g2 HS:GAPCp1 (HS:G1) the consequence rather than the cause of the inhibition of primary root growth in gapcp1gapcp2 mutants. In roots, misregulated functional categories included nitrogen and sulfur metabolism and transport of amino acids and ions. Unlike in the AP, genes involved in stress responses were induced in gapcp1gapcp2 roots, although in both roots and the AP metabolite markers related to stress (raffinose and galactinol) were increased. The metabolomic analysis also indicated that not only carbon metabolism, including the tricarboxylic acid cycle, but also amino acid metabolism was seriously affected in gapcp1gapcp2. These results indicate that GAPCp is required to maintain the normal interactions between carbon and nitrogen metabolism that, in turn, affect plant development. The dramatic phenotypic and metabolic alterations in GAPCp mutants, therefore, may be related to multiple requirements of the products of GAPCp in plant metabolism rather than to a specific role in glycolysis itself. Indeed, the effects of a lack of GAPCp activity in the metabolite profile were Figure 8 . Proposed model for metabolic pathways affected by GAPCp activity. Lack of GAPCp activity reduces the 3-PGA precursor for the PPSB, which provides Ser to specific nonphotosynthetic cells but also a-ketoglutarate required for ammonium assimilation through the Gln synthetase/Glu synthase (GS/GOGAT) pathway and/for anaplerotic reactions into the tricarboxylic acid (TCA) cycle. The reduced activity of the GS/GOGAT pathway would increase Gln and would divert L-Glu to the biosynthesis of GABA, which could play a role in balancing carbon and nitrogen metabolism in gapcp1gapcp2 by contributing to the anaplerotic flux of Gln-derived carbon into the tricarboxylic acid cycle when PPSB is restricted. The reduced 3-PGA levels in plastids could be compensated in part by the transport of glycerate from the cytosol and subsequent conversion into 3-PGA by glycerate kinase (GK). The enzymes participating in each biosynthetic pathway are as follows: for the phosphorylated pathway (PPSB), 3-phosphoglycerate dehydrogenase (PGDH), 3-phospho-Ser aminotransferase (PSAT), and 3-phospho-Ser phosphatase (PSP); and for the ammonium assimilation pathway, GS/GOGAT. Other enzymes are as follows: PGAP, phosphoglycerate phosphatase; and PGK, phosphoglycerate kinase; p stands for plastidial. Metabolites are as follows: 1,3-bis-PGAP, 1,3-bis-phosphoglycerate; GAP, glyceraldehyde 3-phosphate; 3-PHP, 3-phosphohydroxypyruvate; and 3-PS, 3-phospho-Ser. much less severe when plants were grown in the presence of Ser, which partially rescues primary root growth, indicating that the main role of GAPCp could be the supply of precursors for PPSB rather than its role in glycolysis per se.
Metabolite and Gene Targets of GAPCp Activity
Three metabolites (galactinol, glycerate, and Gln) systematically changed in both roots and the AP of gapcp1gapcp2 and tend to recover wild-type levels upon GAPCp1 induction. Galactinol (and myoinositol) increased in gapcp1gapcp2 and decreased after GAPCp induction in conditional mutants. Raffinose also increased in gapcp1gapcp2 in most of the assayed experimental conditions. These metabolites participate as substrates (galactinol and myoinositol) or final products (raffinose) in the biosynthesis of the raffinose family oligosaccharides (Nishizawa et al., 2008) and have been shown to play a role in the plant response to environmental stresses (Taji et al., 2002; Kaplan et al., 2007) . It has been postulated that galactinol and raffinose could increase tolerance to chilling, salinity, or drought stress by protecting plants against oxidative damage (Nishizawa et al., 2008) . The high level of these metabolites in gapcp1gapcp2 is probably an indicator of oxidative stress in gapcp1gapcp2. This could be a secondary consequence of metabolic perturbations resulting from the lack of GAPCp. Alternatively, GAPCp could be involved in plant protection against oxidative stress, a nonmetabolic function already suggested for the plant cytosolic GAPCs (Baek et al., 2008; Guo et al., 2012) .
Glycerate accumulated in gapcp1gapcp2, especially in roots, where the levels clearly lowered after GAPCp1 activation in conditional mutants. Glycerate can be converted into 3-PGA in a reaction catalyzed by glycerate kinase in plastids (Fig. 8 ). Kleczkowski and Randall (1986) proposed that glycerate kinase, in addition to its role in photorespiration in leaves, could serve in C 4 species as part of a facilitated diffusion system for the intercellular transport of 3-PGA. Glycerate accumulation in gapcp1gapcp2 roots may form part of the plant response to maintain 3-PGA levels in plastids. The high phosphoglycerate kinase activity measured in gapcp1-gapcp2 would be anticipated to provide an increased 3-PGA concentration that would be converted into glycerate by the phosphoglycerate phosphatase (Fig. 8 ). If this is correct, the increased glycerate concentration in gapcp1gapcp2 should be related to the activity of the cytosolic phosphoglycerate kinase isoform, since the activity of the plastidial isoform should be compromised in the mutant due to the lack of substrate provided by GAPCp in vivo. Glycerate accumulated in the cytosol could then be transported into the plastid, where glycerate kinase would convert glycerate into 3-PGA (Fig. 8) . A glycerate transporter was recently identified in Arabidopsis chloroplasts (Pick et al., 2013) . However, both glycerate and the triose-phosphate transporters, which can efficiently exchange 3-PGA and glycerate between the cytosol and the plastid, are poorly expressed or nonexpressed in roots (http://www. bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) and probably in nonphotosynthetic cells in general. We propose that the absence of GAPCp constrains plastid 3-PGA production, making plastids dependent on a cytosolic source of this precursor. This could be supplied either as 3-PGA or glycerate. Since the capacities of both Triose Phosphate Translocator and glycerate transporter are likely to be limited in nonphotosynthetic cells, 3-PGA may be imported via the Glc-P/Pi translocator (albeit inefficiently); alternatively, glycerate, which is present at high levels in gapcp1gapcp2, may also enter by diffusion. If the latter, then plastidic glycerate kinase activity could be a limiting factor.
Gln levels were also significantly altered in both roots and the AP following the induction of the enzyme in conditional mutants. The connection between GAPCp, PPSB, and the ammonium assimilation pathway (GS/ GOGAT; Muñoz-Bertomeu et al., 2009; Benstein et al., 2013; Cascales-Miñana et al., 2013) could provide clues about the possible mechanism involved in the modification of Gln content. The second enzyme of the PPSB, PSAT, uses L-Glu as cosubstrate in the formation of a-ketoglutarate (Fig. 8 ). If PSAT activity is restricted, a-ketoglutarate would not be regenerated, and then the second reaction of the GS/GOGAT pathway (GOGAT), which uses a-ketoglutarate as cosubstrate along with Gln, would be inhibited. Thus, Gln levels would increase in the cell. Consequently, the high levels of Gln found in the roots and the AP of gapcp1gapcp2 may be a direct consequence of the arrest in PPSB activity, which in turn affects the GS/GOGAT pathway. The facts that NH + 4 levels are increased in roots of gapcp1gapcp2 and that one of the main changes of activating GAPCp1 was the reduction of Gln levels in both roots and the AP would support this idea. In addition, levels of Gln were not reduced in the AP of gapcp1gapcp2 supplied with Ser when the PPSB would be anticipated to be inactive. This would support the high Gln levels in the mutant coming from the reduction of PSAT activity. Gln is the primary product of nitrogen assimilation in plants and a central metabolite of nitrogen metabolism. Although as yet unknown, a Gln-sensing mechanism similar to that recently identified in other plant families (Chellamuthu et al., 2014) could play a pivotal role in coordinating nitrogen metabolism in response to the general metabolic state of the cell. In this regard, Gln along with Asn are the main organic nitrogen forms transported between roots and the AP. Indeed, Gln is the most abundant amino acid in the xylem and phloem sap (Zhang et al., 2010) . As such, Gln could be a good candidate for communication between the root and the AP in order to induce the required metabolic adjustment in gapcp1gapcp2.
Concerning gene targets responding to altered GAPCp1 activity, many functional categories were significantly affected by the induction of the enzyme. Many hormone-signaling genes (including those involved in cytokinin, GA, ethylene, and jasmonate responses) responded to the activation of the enzyme, which suggests that they participate in the recovery of plant development. One of them, known as LOG7, is a Lys decarboxylase (cytokinin riboside 59-monophosphate phosphoribohydrolase) that was up-regulated in both the APs and roots of gapcp1gapcp2 and down-regulated upon GAPCp1 induction. LOG7 has been described as performing a regulatory function in the shoot and root apical meristem and could play an important role in the control of plant development through the cytokinin activation pathway (Tokunaga et al., 2012) . Transfer DNA (T-DNA) insertion mutants in which the LOGdependent pathway is impaired displayed severe retardation of shoot and root growth (Tokunaga et al., 2012) . We found that LOG7 was not repressed, but rather induced, in gapcp1gapcp2, which may suggest that LOG7 up-regulation is a consequence of the mutant's reduced growth rather than a cause of it.
Another gene candidate that could mediate the lack of GAPCp activity is At5g17330, which codes for one of the isoforms of GAD. This enzyme participates in Glu metabolism by catalyzing its irreversible decarboxylation to form GABA (Fait et al., 2011; Fig. 8) . The increased GABA levels measured in roots, and especially in the AP, of the gapcp1gapcp2 mutant could well be the consequence of a higher GAD expression in the mutant. GAD could metabolize L-Glu to avoid the accumulation of Gln through the GS reaction. In this sense, GAD expression is repressed after GAPCp1 activation and Gln levels are lowered. On the other hand, GABA catabolism produces succinic semialdehyde, which is converted into succinate by succinic semialdehyde dehydrogenase. We can speculate that this mechanism might contribute to the anaplerotic flux of Gln-derived carbon into the tricarboxylic acid cycle. Increased GAD activity could form part of a metabolic adjustment in gapcp1gapcp2 to restore metabolite homeostasis. Fait et al. (2011) proposed that GADmediated conversion of L-Glu into GABA plays a role in balancing carbon and nitrogen metabolism. In this vein, overexpression of GAD during seed maturation increases the nitrogen-to-carbon ratio. As gapcp1gapcp2 mutant roots have an increased nitrogen-to-carbon ratio (Muñoz-Bertomeu et al., 2009) , GAD could be a mediator of the response to altered GAPCp1 activity connecting carbon and nitrogen metabolism. We propose a model in which a lack of GAPCp1 activity reduces the PPSB flux that provides Ser to specific heterotrophic cells but also supplies a-ketoglutarate required for the GS/GOGAT pathway (Fig. 8) . Inhibition of the GS/GOGAT pathway would increase Gln and divert L-Glu to the biosynthesis of GABA. This metabolite may play a role in balancing carbon and nitrogen metabolism in gapcp1gapcp2 by contributing to the anaplerotic flux of Gln-derived carbon into the tricarboxylic acid cycle (Fig. 8) . The 3-PGA deficit in the plastids of specific heterotrophic cells, therefore, would be compensated by increased glycerate and 3-PGA biosynthesis in the cytosol, which we believe would be inefficiently transported to the plastid lumen. Further studies are needed, however, to fully understand how these metabolic and transcriptomic networks are connected and how they interact through GAPCp to regulate plant metabolism and development.
CONCLUSION
The results presented here show that GAPCps do not have a major function in photosynthetic cells but play a crucial role in nonphotosynthetic cells of both photosynthetic and nonphotosynthetic organs, where they could provide essential metabolites for plant survival. The very specific expression pattern of GAPCp in primary root meristems and the root cap could be the key for its important role in this organ. Our results indicate that GAPCp interacts with essential metabolic pathways that affect nitrogen and carbon metabolism and in turn interfere with plant development. Then, GAPCp seems to be an important metabolic connector of essential pathways of primary metabolism in plants. A prerequisite of metabolic engineering is the precise understanding of plant metabolic networks and how they are interconnected.
The results here open new directions for research on the mechanisms connecting plant metabolic networks.
MATERIALS AND METHODS
Plant Material and Growth Conditions
The Arabidopsis (Arabidopsis thaliana) initial seed stocks (ecotype Columbia-0) were supplied by the European Arabidopsis Stock Centre (Scholl et al., 2000) . The plastidial gapcp1gapcp2 is a T-DNA insertional double mutant (SAIL_390_G10 and SALK_137288) of genes At1g79530 and At1g16300, respectively, which was obtained previously by our group (Muñoz-Bertomeu et al., 2009) . Unless stated otherwise, seeds were vertically sown on 0.8% (w/v) agar plates containing one-fifth-strength MS medium with Gamborg vitamins, as described previously (Muñoz-Bertomeu et al., 2009) . Some plates were supplemented with Ser, additional MS salts, or 0.003% (w/v) Bromocresol Purple as indicated in the figure legends. For acidification studies, plates were prepared without MES and adjusted to pH 5.7 with KOH. For the selection of transgenic plants, one-half-strength MS plates supplemented with 0.5% (w/v) Suc and appropriate selection markers were used. Some plantlets were also grown under greenhouse conditions as described elsewhere (Muñoz-Bertomeu et al., 2009) . Wherever indicated, conditional gapcp1gapcp2 was treated for 1 h at 37°C several hours before sampling.
Primers
All primers used in this work are listed in Supplemental Table S9 .
Cloning and Plant Transformation
The cDNA corresponding to GAPCp1 (At1g79530) was placed under the control of four different promoters: 35S promoter, AP-specific promoter of gene At5g38420 (RBCS2B; , promoter of gene At5g43370 (PHT1.2; Mudge et al., 2002) , and heat shock-inducible promoter of gene At5g59720 (HSP18.2; Matsuhara et al., 2000) , giving constructs 35S:GAPCp1, RBCS: GAPCp1, PHT:GAPCp1, and HS:GAPCp1, respectively.
Construct 35S:GAPCp1 carrying GAPCp1 fused in frame with GFP at the C-terminal position (GAPCp1-GFP) in plasmid pMDC83 (Curtis and Grossniklaus, 2003 ) was obtained previously as described (Muñoz-Bertomeu et al., 2009 ). This plasmid was used to obtain constructs RBCS:GAPCp1, PHT:GAPCp1, and HS:GAPCp1. The 35S promoter of 35S:GAPCp1 was exchanged with the 1,335-bp RBCS promoter previously PCR amplified from plasmid pSBright , kindly provided by Dr. D. Alabadí (Instituto de Biología Molecular y Celular de Plantas-Consejo Superior de Investigaciones Científicas), using primers described in Supplemental Table S9 to introduce HindIII and PacI sites, giving RBCS:GAPCp1. For construct PHT:GAPCp1, the 35S promoter of 35S:GAPCp1 was exchanged with the 2,012-bp PHT promoter previously PCR amplified from plasmid pGWB1 (Nakagawa et al., 2007) , in which PHT1.2 had been subcloned (Kirchsteiger et al., 2012) , using primers described in Supplemental Table S9 to introduce HindIII and SpeI sites, giving PHT:GAPCp1. For construct HS:GAPCp1, the 35S promoter of 35S:GAPCp1 was exchanged for an 852-bp fragment corresponding to the promoter region of gene HSP18.2, giving the vector HS:GAPCp1. The HSP18.2 promoter was obtained by digestion of the PTT101 plasmid (Matsuhara et al., 2000) with enzymes SpeI and HindIII. For GUS-GFP gene promoter-reporter fusions, a 1.5-kb fragment corresponding to the native GAPCp1 promoter (21,521 to +18 relative to the GAPCp1 translation start) was placed before the 59-GUS-GFP-39 gene fusion in pCAMBIA1303 as described previously (Muñoz-Bertomeu et al., 2009 ). All PCR-derived constructs were verified by DNA sequencing.
Arabidopsis plants were transformed with the different constructs by the floral dipping method (Clough and Bent, 1998) with Agrobacterium tumefaciens carrying pSOUP. As gapcp1gapcp2 is sterile, the progeny of heterozygous plants (heterozygous for GAPCp1 and homozygous for the mutant allele of GAPCp2) were transformed with the different constructs. Transformants were selected by antibiotic selection, while homozygous gapcp1gapcp2, heterozygous (homozygous for GAPCp1 and heterzygous for GAPCp2), and the wild type were identified by PCR genotyping using gene-specific primers (RP and LP) and left border primers of the T-DNA insertions described in Supplemental Table S9 . Several independent single-insertion homozygous T3 lines were obtained for all the different constructs. After characterization by qRT-PCR, two to three different lines were selected for further analyses depending on the experiment. Syngenic wild-type lines were used as controls for our studies.
qRT-PCR and Microarrays
qRT-PCR was performed as described previously (Cascales-Miñana et al., 2013) . Each reaction was performed in triplicate. Data are means of three biological samples. PCR amplification specificity was confirmed with a heat dissociation curve (from 60°C to 95°C). The efficiency of the PCR was calculated, and different internal standards were selected (Czechowski et al., 2005) depending on the primers' efficiency. Relative mRNA abundance was calculated using the comparative cycle threshold method according to Pfaffl (2001) . Primers used for PCRs are listed in Supplemental Table S9 .
For microarray experiments, total RNAs from three pools of 21-d-old roots and AP (gapcp1gapcp2 and the wild type or gapcp1gapcp2 and gapcp1gapcp2 HS: GAPCp1), vertically grown on one-fifth-strength MS plates as described above, were extracted using the total RNA isolation kit (Macherey-Nagel). For the induction experiments, gapcp1gapcp2 and gapcp1gapcp2 HS:GAPCp1 were treated for 1 h at 37°C 4 h before sampling. RNA integrity was determined using RNA 6000 Nano Labchips in an Agilent 2100 Bioanalyzer following the manufacturer's protocol. RNA amplification, labeling, and hybridization were done as described by Bueso et al. (2007) . The Arabidopsis oligonucleotide microarrays were obtained from David Galbraith (http://www.ag.arizona.edu/ microarray/). The chosen design for the microarray experiments was a balanced block design, with three to four biological replicates and two dye swaps. The microarray data analysis was done as described by Bissoli et al. (2012) . Genes were selected as differentially expressed when expression was at least 1.5-fold higher or lower than the controls and the false discovery rate was lower than 10% when applying the significance analysis. Significant functional categories were selected using the Munich Information Center for Protein Sequences software (http://mips.helmholtz-muenchen.de/proj/funcatDB/). Microarray data were submitted to the ArrayExpress database (http://www. ebi.ac.uk/arrayexpress) with the accession number E-MTAB-3262 and are listed in Supplemental Table S9 .
Enzyme Assays, Metabolite Determination, and Ion Analysis
APs and roots of 18-to 21-d-old wild-type and different gapcp1gapcp2 transgenic lines were used for the determination of metabolite content. Starch and total soluble sugars were determined with the ENZYTEC starch kit (R-Biopharm). Protein content was quantified using the Bio-Rad protein assay kit. The levels of other metabolites were determined in derivatized methanol extracts by gas chromatography-mass spectrometry following the protocol defined by Lisec et al. (2006) . Macronutrients and micronutrients were determined according to Quiñones et al. (2011) . Ammonium content was determined according to Sarasketa et al. (2014) . Phosphoglycerate kinase activity was determined according to Brandina et al. (2006) .
Western Blots
Crude protein extracts from whole wild-type and different gapcp1gapcp2 transgenic lines were obtained by harvesting 0.5 g of plant material in liquid nitrogen and grinding in 1 mL of ice-cold homogenization buffer as described previously (Cascales-Miñana et al., 2013) . Proteins were electrotransferred onto Immune-Blot nitrocellulose membranes (Bio-Rad) using the Mini Tran-Blot Cell (Bio-Rad) for 1 h at 100 V with the transfer buffer (17 mM Tris, 192 mM Gly, and 20% [v/v] methanol). Immunoblots were probed with anti-GFP antibodies (Molecular Probes; A-11122) or a specific antibody raised against a 16-amino acid specific epitope (Ac-KGSINVIDDSTLEINC-amide) of GAPCp1. Ponceau S-stained membranes or nonspecific bands are shown as loading controls. Cross-reacting bands were detected using the ECL Select Western-Blotting Detection Reagent Kit (Amersham Biosciences).
Microscopy
For GUS activity assays, roots were processed as described (Muñoz-Bertomeu et al., 2009) . Images were acquired with a Leica DM1000 microscope and a Leica DC350 digital camera. GFP fluorescence was observed with a confocal microscope (Leica TCS-SP).
Statistics
Experimental values represent means and SE, and n represents the number of independent samples. P values were calculated with Student's t test (two tailed) using Microsoft Excel. The level of significance was fixed at 5% (0.05). PCA of metabolomic data was performed using the Excel add-in Multibase package (Numerical Dynamics). For PCA, relative values normalized to the mean response calculated for the wild type were scaled by SD prior to the analysis. The first principal component was used for the ANOVA of different lines, with Tukey's posthoc tests to differentiate between the lines.
Sequence data from this article can be found in the Arabidopsis Genome Initiative data libraries under accession numbers At1g79530 (GAPCp1) and At1g16300 (GAPCp2).
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The following supplemental materials are available.
Supplemental Figure S1 . Molecular and physiological analysis of GAPCp isoforms.
Supplemental Figure S2 . Cellular expression of GAPCp1 under the control of the RBCS and the 35S promoters.
Supplemental Figure S3 . Quantification of changes in transcript level using qRT-PCR.
Supplemental Figure S4 . Molecular and phenotypical analyses of gapcp1-gapcp2 expressing GAPCp1-GFP under the control of the HS promoter. Supplemental Table S1 . Metabolite levels in the aerial parts of wild-type, gapcp1gapcp2 (g1g2), g1g2 RBCS:GAPCp1, and g1g2 35S:GAPCp1 plants sampled at the end of the light period. Supplemental Table S2 . Metabolite levels in the aerial parts of wild-type, gapcp1gapcp2 (g1g2), and g1g2 RBCS:GAPCp1 plants grown in standard medium or supplemented with either 2% Suc or 0.1 mM Ser. Supplemental Table S3 . Metabolite levels in aerial parts and roots of wildtype, gapcp1gapcp2 (g1g2), g1g2 RBCS:GAPCp1, and g1g2 PHT:GAPCp1 sampled at the middle of the light period. Supplemental Table S4 . Metabolite levels in aerial parts and roots of wildtype and gapcp1gapcp2 HS:GAPCp1 plants.
